Char particle combustion is the slowest step in the combustion of coal, therefore char reactivity and texture have an important influence on this process. In this work, two coals were devolatilised in an entrained flow reactor and the chars obtained were burned under different experimental conditions in order to achieve various degrees of burnoff. Char reactivity was determined by means of non-isothermal thermogravimetric analysis, and the conversion-time data were evaluated by the random pore model proposed by Bhatia and Perlmutter. Char texture was characterised by means of N 2 and CO 2 adsorption isotherms.
3 study their variation with burnoff. The texture evolution of the chars with burnoff was also studied by determining the N 2 and CO 2 surface areas.
Experimental
Two coals of different rank were used in this work, a semi-anthracite (HV) and a low volatile bituminous coal (DI). The coals were ground and sieved to obtain a 75-150 µm size fraction; the proximate (ash, volatile matter and fixed carbon) and ultimate (carbon, hydrogen, nitrogen, sulphur and oxygen content) analyses of this size fraction are shown in Table 1 . An entrained flow reactor described elsewhere [14] , was used to obtain chars with different degrees of burnoff. This device is a vertical furnace with a gas flow along the axis. The gas velocity inside the tube is enough to entrain the particles and to ensure a laminar flow. Under these conditions, particle residence time in the EFR can be controlled by adjusting the gas flow along the tube. This reactor provides experimental conditions close to those of a real fired combustor in terms of particle heating rate, and residence time. The reactor has an internal diameter of 4 cm and a length of 200 cm. Coal and primary gas flow were introduced through a cooled injector to ensure that the temperature did not exceed 100 ºC before entering the reaction zone. The secondary gas flow was preheated at furnace temperature and injected through flow straighteners. The reactor is electrically heated and temperature was maintained at 1273 K during the experimental runs. The coals were devolatilised using a nitrogen flow of 6.4 L min -1 . The devolatilised chars were then fired under different mixtures of N 2 and air, in order to vary the oxygen concentration at the reactor inlet (5, 10, 15 and 21 % O 2 ). A total gas flow rate of 6.4 L min -1 was fixed in all the combustion tests.
The reactivity of the chars was evaluated using non-isothermal thermogravimetric analysis. A Setaram TAG 24 thermogravimetric analyser has been used in this work. A mass sample of 5 mg was heated at a constant rate of 15 K min -1 at an air flow rate of 50 mL min -1 . Sample mass loss and temperature were recorded continuously and the data collected were examined by using the random pore model of Bhatia and Perlmutter [15] .
The texture of the samples was evaluated by means of N 2 and CO 2 adsorption isotherms at 77 K and 273 K, respectively. The textural parameters were derived by applying a linearised form ot the BET equation to the N 2 adsorption isotherms [16] , and by applying the DubininRadushkevich (DR) method to the CO 2 adsorption isotherms [17] .
Results and discussions

Char conversion in the EFR
Char burnoff is the mass loss in the EFR and it is represented in Figure 1 
Reactivity of chars in TGA
The Random Pore Model of Bathia and Perlmutter [15] was used in this work to study the oxygen-char reaction. The rate equation for this model can be written as follows:
where X is the char conversion on a dry ash-free basis, k o the overall frequency factor (s -1 ), E a the activation energy (J mol -1 ) and ψ a structural parameter. Char conversion during TGA test is defined in this work as:
where M is the mass of sample remaining at any time and M f and M o the final and initial mass respectively (excluding moisture) .The initial specific surface area (S o ) is included in the overall frequency factor, k o . The rate equation can be linearised and rate parameters can be determined from the data obtained in the non-isothermal thermogravimetric runs [9] .
The evolution of the mass loss rate of the chars with temperature is shown in Figure 3 . It can be seen that char reactivity decreases as particle burnoff increases; this is apparent from the shift of the curves to higher temperatures. The kinetic parameters calculated after applying the random pore model are presented in Table 2 . The activation energy of the coal chars depicted in Figure 4 , remains almost constant with burnoff, and similar values for this parameter are attained for both samples. At very high burnoffs (94 and 98%) the activation energy of DI chars decreases appreciably. This could be attributed to the high ash content of these samples.
The variation of k o with burnoff is shown in Figure 5 . As combustion proceeds, a reduction in this parameter is observed for both coals. This tendency was expected as the activation energy did not show any appreciable variation with burnoff. However a decrease in reactivity with burnoff was observed. The higher reactivity of the DI chars is related to their higher k o values compared to those of the HV chars.
Texture of the coal chars
The specific surface area of the char samples was calculated from the N 2 adsorption isotherms using a linearised form of the BET equation [16] :
where n a is the amount of gas adsorbed at a pressure p, n m a is the amount of gas required to form a monolayer, p 0 is the saturation vapour pressure of the adsorbate at the adsorption temperature and C is an equation parameter.
CO 2 specific surface areas were calculated using the Dubinin-Radushkevich equation [17] : Table 3 shows the parameters calculated with both methods. The CO 2 specific surface areas are one order of magnitude higher than the BET areas. This suggests that there are a significant number of micropores which are inaccessible to the nitrogen at 77 K. Figure 6 shows the variation of the BET surface areas with burnoff. The BET surface areas of the parent coals present low values, reaching a maximum value for the devolatilised chars. As reaction proceeds, the BET area of the chars decreases due to the coalescence of the pore wall. The HV chars exhibit a significant decrease in BET surface area at low burnoff values, whereas this reduction occurs at higher burnoffs for DI chars.
The evolution of the DR surface areas of the samples are shown in Figure 7 . A similar trend with burnoff to that displayed by the BET areas was observed. The maximum value of the DR surface area is reached by the devolatilised chars, and a constant decrease occurs during combustion. At low burnoff values HV chars exhibit higher DR area values than the DI chars until a burnoff of approximately 50% is reached.
Intrinsic reactivity of the chars
The initial char surface area is included in the overall frequency factor, k o . The intrinsic reactivity was computed by dividing k o by the specific surface areas. Figure 8 shows the overall frequency factor normalised with the BET and DR specific surface areas. As can be seen from this figure, the intrinsic values calculated from using the BET area remain almost constant with burnoff. The values corresponding to the highest burnoffs show a clear deviation, probably caused by the high ash content of the corresponding chars.
A different behaviour was observed when the overall frequency factor was related to the DR surface area. In this case a constant decrease with burnoff was observed for both char series.
These results suggest that the specific surface area evaluated by using N 2 plays a significant role during the combustion tests. The different reactivity displayed by the coal chars under the kinetic regime is directly related to BET surface area.
In the EFR, combustion takes place under a different regime to that of TGA. The combustion regime changes from diffusional/chemical control (zone II) to chemical control (zone I) in the final stages of char combustión [18] . Under the conditions of zone II, char reactivity is influenced by diffusional and chemical factors. Oxygen diffusion in the char particles of coal DI is higher than in coal HV due to the open structures of DI (see the SEM micrographs of Figure 2 ). Moreover, the TGA experiments (zone I) revealed that DI chars present a higher chemical reactivity than the HV chars. These results explain the higher reactivity of coal DI observed in the EFR test compared to coal HV.
Conclusions
Chars from two coals of different rank, obtained after devolatilisation in an EFR, exhibited very different combustion behaviour when they were fired in the EFR at various oxygen concentrations. The results of the reactivity of the coal chars, determined by using nonisothermal thermogravimetric analysis, were analysed by means of the random pore model, and the activation energy and overall frequency factor were calculated. It was found that the activation energy remains almost constant during combustion, and similar activation energy values were obtained for the chars studied. The decrease in chemical reactivity of the chars with burnoff was related to the reduction in the overall frequency factor. The N 2 and CO 2 specific surface areas were used to calculate the intrinsic reactivity of the chars. Better results were obtained when the overall frequency factor was related to the N 2 surface area. Tables   Table 1. Proximate and ultimate analyses of the coals used Table 2 . Reaction rate parameters of the chars calculated using the random pore model Table 3 . Textural parameters of the samples used E o (kJ mol 
List of
List of Figures
-
